Composites based on observations and model outputs from the CLIVAR drought experiments were used to examine the impact of El Nino Southern Oscillation (ENSO) and the Atlantic multi-decadal oscillation (AMO) on drought over the United States. The experiments were performed by forcing an AGCM with prescribed sea surface temperature anomalies (SSTAs) superimposed on the monthly mean SST climatology. Four model outputs from the NCEP GFS, NASA NSIPP1, GFDL AM2.1 and LDEO/NCAR CCM3 were analyzed in this study.
Introduction
Long lasting drought has enormous impact on the nation's economy and society.
Better drought prediction can mitigate devastating economic effects on people and ecosystems. To improve drought forecasts, one needs to understand the causes that trigger and sustain drought. Because drought implies prolonged rainfall and soil moisture deficits, they are often modulated by low frequency sea surface temperature anomalies (SSTAs). In the Pacific, decadal trends of SSTAs in the North Pacific and the tropical Pacific can influence the drought occurrence over the United States (Mo and Schemm 2008a, Dai et al. 2004 ).
In the Atlantic, the Atlantic Multi-decadal Oscillation (AMO) mode has been linked to rainfall and river flow anomalies over the United States. The AMO is defined as the first rotated Empirical Orthogonal Function (EOF) of non-ENSO SSTAs, but the associated PC is highly correlated to the mean Atlantic SSTAs from the Equator to 60 o N (Mestas-Nunez and Endfield 1999). The warm (cold) phase of the AMO is associated with less (more) rainfall over the Mississippi basin and more (less) streamflow over the Lake Okeechobee in Florida (Enfield et al. 2001) . McCabe et al. (2004) correlated 20-yr moving drought frequency with 20-yr AMO time series.
They found that the warm (cold) phase of the AMO is associated with more (less) frequent drought occurrence over the Southwest, the north central United States and less (more) drought events over Florida. Schubert et al. (2004) identified the Atlantic SSTAs as contributors to droughts over the Great Plains.
In the interannual frequency band, ENSO has large influence on the occurrence of drought (Ropelewski and Halpert 1986 , 1989 , Dai et al. 1998 , Mo and Schemm 2008a . Barlow et al. (2001) attributed the North Pacific SSTAs and ENSO to summer droughts over the United States. Many studies have suggested that the influence of ENSO on drought is modulated by the AMO. For example, Endfield et al. (2001) found that the ENSO impact on winter rainfall depends on the phase of the AMO. Rogers and Coleman (2003) found that interactions between the AMO and the Pacific teleconnection modes modulate the Mississippi streamflow in winter.
Different phases of the AMO also link to different summer precipitation modes of the North American monsoon (Hu and Feng 2008) .
Over the United States, the observed precipitation (P) and SST data (Smith et al. 1996 ) cover less than 150 years. These data sets do not cover enough AMO cycles to get robust statistics for diagnostic studies. One possibility is to rely on AGCM experiments to confirm observational findings. The AGCM experiments designed by the United States CLIVAR (USCLIVAR) drought working group (Schubert et al. 2008 ) are well suited for this purpose. The drawback of model experiments is that all models have non systematic errors. These errors can not be corrected by the climatology run in which the AGCM is forced by the climotological SSTs. Therefore, both observations and model experiments are needed to study the precipitation and atmospheric responses to the low frequency SSTA forcing.
The purpose of this paper is to examine the impact of (a) ENSO, (b) the AMO and (c) the combinations of the different phases of the AMO and ENSO on drought over the United States. We draw our conclusions from composites based on observations and model simulations from the USCLIVAR experiments. The observational data sets and a brief description of the USCLIVAR experiments are outlined in section 2. The influence of ENSO on drought is discussed in section 3.
The impact of the decadal AMO on drought is presented in section 4 and the indirect influence of the AMO on drought through ENSO is given in section 5. Discussions are given in section 6.
Data and Experiments a) Data
The monthly mean precipitation (P), soil moisture and runoff data sets were obtained from the North American Land Data Assimilation system (NLDAS)
Variable Infiltration Capacity (VIC) model outputs from the University of Washington. The data set covers the period 1915-2006. The P is based on the cooperative observer station meteorological daily data with the Precipitation Regression on Independent Slopes Method (PRISM) correction (Maurer et al. 2002) .
The differences between the monthly mean P anomalies from this data set and from the CPC unified gauge based P analysis (Higgins et al. 2000) for the overlapping period 1950-2006 is small. From P, we calculated the 6-month Standardized Precipitation Index (SPI6) (Hayes et al. 1999 , Mckee et al. 1993 , 1995 . The SPI6 measures the P deficit or wetness for the past 6 months. In addition to SPI, soil moisture percentiles and runoff anomalies are also used to represent different aspects of drought (Mo 2008) . Runoff was used to compute the standardized runoff index that is the same as the SPI, but runoff is used instead of precipitation (Shukla and Wood 2008, Mo 2008) . A drought (wet) event is defined as the SPI6 index or the SRI6 index being less than -0.8 (greater than 0.8) or the soil moisture percentile being less (more ) than 20% (Svoboda et al. 2002) .
The SST data are the monthly reconstructed SSTs from Smith et al. (1996) Hu and Feng (2008) and McCabe et al. (2004) , the warm phase of the AMO covered the periods [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] while the cold phase covered the periods 1915-1925 and 1965-1990. Composites are used to study the influence of ENSO, the AMO and the combinations of the two modes on drought over the United States. The seasonal mean SSTAs for winter (January-March; JFM), spring (April-June; AMJ), summer (JulySeptember; JAS) and autumn (October-December; OND) were projected onto the REOF 1 (Fig.1a) or the Atlantic REOF 1 (Fig.1b) to obtain the rotated principal component RPC. Warm (cold) events were selected when RPC was great than 1 (less than -1) standard deviation. Composites of P and SPI6 were obtained for positive and negative RPC events separately. The results are displayed as the differences between cold and warm events.
To test the statistical significance of a composite map from observations or the frequency of the drought occurrence from a model experiment, the Monte Carlo method was used (Mo and Schemm 2008b) . We use the composite of P as an example to outline the method. Composites were computed from randomly selected maps from the same P time series. The process was repeated 500 times. The statistical significance of the tested map can be determined from these 500 cases at each grid point. The anomaly composite should be within 5 percentiles of the distribution function determined by composites of randomly selected maps. The areas in which values of the composite field are statistically significant at the 5% level are shaded.
The composites of SPI6 or the frequency of drought occurrence can be tested the same way.
b) USCIVAR SST experiments
The GCM experiments were designed by the USCLIVAR drought working group to study the relationships between persistent SST forcing and drought. The ENSO pattern ( Fig.1a) is labeled as P. The Atlantic pattern (Fig.1b) is labeled as A. Different experiments were carried out by forcing the AGCM with SST boundary conditions in combinations of these two modes.
Positive or negative anomalies associated with the warm (w) phase and the cold (c) phase of each pattern were added to the SST monthly mean climatology to form a global SST distribution to force the AGCM (Schubert et al. 2008) . The monthly mean climatology is labeled as neutral (n). The experiment forced by the monthly mean climatology is labeled as PnAn. The experiments with the combinations of the Pacific or the Atlantic anomalies ( Fig.1) We analyzed 9 experiments: PnAn, PwAn, PcAn, PnAw, PnAc, PcAc, PcAw, PwAc, and PwAw from the NCEP (GFS) (Campana and Caplan 2005) , NASA (NSIPP1) (Bacmeister et al. 2000 , Schubert et al. 2004 , GFDL (AM2.1) (Delworth et al. 2006 , Milley et al. 2002 and the LDEO/NCAR (CCM3) (Kiehl et al. 1998 , Seager et al. 2005 . They are labeled as the GFS, NSIPP, GFDL and CCM3 experiments respectively. Each GFS experiment lasts only 36 years. The NSIPP and the GFDL experiment last for 50 years and the CCM3 experiment lasts for 51 years. P and 200 hPa height monthly means were extracted from each run.
The GFS is used as an example to describe the procedures used to calculate the frequency of drought occurrence and anomalies. We pooled P from 9 experiments together to form a time series of 36x12x9 months. The climatological monthly means (grand means) can be calculated each month from this pooled time series. They are similar to the climatological monthly means calculated from the PnAn experiment.
For each experiment, monthly mean anomaly is the departure from the grand monthly mean for that month.
The 6-month SPI6 was calculated from the pooled time series of monthly mean anomalies and the SPI6 for the first year of each experiment was discarded. For each experiment, the frequency of drought occurrence was determined by counting the number of month (num) that the SPI6 is below -0.8 at each grid point. Because each experiment has different length of integration, the frequency of occurrence is given as the ratio between num and the total length of the experiment. For the GFS, the length is 35x12. The statistical significance was assessed by the Monte Carlo method. For each experiment, the ensemble mean of any variable was obtained by taking the equally weighted mean of that variable from the GFS, NSIPP, CCM3 and GFDL model runs.
Impact of ENSO on drought over the United States a) Observations
From P and SPI6 time series, composites of positive and negative events were In addition to SPI6, soil moisture and runoff indices have also been used to represent hydrological and agricultural droughts (Mo 2008) . The composites for soil moisture anomalies and the 6-month standardized runoff index (SRI6) were obtained the same way as the SPI6 composite. The composites (Fig. 3 ) for all seasons together
show that a cold (warm) ENSO favors drought (wetness) over the Great Plains and the Southwest. In contract, there is no strong signal over the East coast, the Southeast and the Ohio Valley. The seasonal cycles of P for these regions are weak (Mo and Schemm 2008a) . Therefore, P anomalies for many seasons can contribute to long term measures of drought such as SPI6. Because the P responses to ENSO are opposite in phase for winter and summer and an ENSO event tends to last more than one season, the SPI6 composite (Fig. 3) does not show any significant signal over these areas. The large differences between P and SPI6 composites illustrate that drought means persistent P deficits.
b) Model experiments
The frequency of drought occurrence is presented as the ratio of number of months with SPI6 < -0.8 and the total length of a given experiment. To examine the influence of ENSO on drought, we presented the frequency of drought occurrence for the experiment PwAn (warm Pacific with no Atlantic forcing) and PcAn (cold Pacific with no Atlantic forcing) for each model separately (Fig. 4) and the multi-model ensembles (Figs. 5a and 5e). Results are summed up as follows:
1. The multi-model ensemble means are consistent with the composites based on observations (Fig. 3) . The warm Pacific SSTAs (PwAn) favor less drought events (Fig. 5a ) over the Southwest and the lower Colorado River basin, and the Great Plains with a minimum over Texas. The ENSO has very little influence on drought over the eastern United States. The PcAn has the opposite impact (Fig.   5e ).
2. While the multi -model ensemble compares favorably with the ENSO composites from observations ( Fig. 3a) , there are large variations from one model to another (Fig. 4) For the Southeast (Fig. 6i-6p ), the situation is very different. The GFS and GFDL models capture the phase reversal between winter and summer responses to ENSO so the net responses are small. The NSIPP model has no response in winter and small contributions are from summer rainfall. The CCM3 model captures the phase reversal between summer and winter, but the response for winter is stronger than summer so the annual response to PwAn (PcAn) is positive (negative).
To show the P response to ENSO over the United States, the P climatological means averaged over the last 25-years of a given experiment for summer and winter are calculated. This was done to avoid spinup. Fig. 7 shows the differences of the climatological P means between PwAn and PcAn experiments. Both the GFS and the GFDL runs capture the ENSO influence on P reasonably well in comparison with observations ( Fig. 2) . Although, the GFS model misses the negative P anomalies 
4) Influence of the Atlantic SSTAs on drought (a) Observations
To study the impact of the Atlantic SSTAs on drought over the United States, the positive and negative cases were selected from the RPC associated with the Atlantic pattern (Fig. 1b) . The composite difference of SPI6 between positive and negative events with all seasons together (Fig. 8b) shows very weak anomalies. There is no value below -0.8. This suggests that there is no statistically significant signal in the non-filtered data. The influence of the Atlantic SSTAs on drought in the interannual band is small.
To study the decadal influence of the Atlantic forcing, the P composite differences between positive phase (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) and negative phase (1915) (1916) (1917) (1918) (1919) (1920) (1921) (1922) (1923) (1924) (1925) ) of the AMO were plotted for winter (Fig. 8a) and summer (Fig. 8e ). The wet spells to occur, but the direct influence on drought is limited. When data are filtered for the decadal frequency band, the correlations may be statistically significant. However, the decadal AMO does not contribute to large percentage of variances. Therefore, the total direct influence on drought for the AMO is weak. This is also confirmed by the model experiments.
b) Model experiments
The experiments PnAw and PnAc can be interpreted as the atmospheric responses to the decadal warm (PnAw) and cold (PnAc) AMO forcing. The frequency of drought occurrence for the multi model ensemble for PnAw and PnAc are given in
Figs. 5b and 5f respectively. They show that drought is more likely to occur over New Mexico for the warm phase of the AMO. For the cold phase of the AMO, the response is very weak. There is also large spread among different model runs (not shown).
In conclusion, both model and observational results show that the direct influence of the AMO or the Atlantic forcing on drought over the United States is very weak and is mostly confined to the Southwest.
5) Modulation of the AMO on the ENSO influence on drought
While the direct impact on drought is small, the AMO can modulate the impact of ENSO or other teleconnections on P over the United States (Endfield et al. 2001, Rogers and Coleman 2003) . In this section, we examine the modulation of the impact of ENSO on drought by the AMO.
a) Observations
To examine the impact of ENSO and AMO together, composites of SPI6 for cold and warm ENSO events based on RPC 1 (Fig. 1 ) for all seasons together were computed for the positive and negative decades of AMO separately. The statistical significance is assessed based on the Monte Carlo test.
The influence of ENSO on drought is large when the tropical Pacific and the Atlantic SSTAs are opposite in phase (Figs. 8c and 8h ). For the positive AMO and cold ENSO (Fig. 8c) , drought is favored over the Southwest, the Colorado Basin, the Great Plains, the East coast and the Southeast. For the negative AMO and warm ENSO (Fig. 8h) , wetness is more likely to occur over approximately the same areas except the Southeast where the signal is weaker.
When the tropical Pacific and the Atlantic SSTAs are in phase, the net impact on drought is weak (Figs. 8d and 8g) . 
b) Model experiments
The observational results ( Fig. 8) indicate while the direct impact of the AMO on drought is small, it modulates the impact of ENSO on droughts. Because the length of the observational data sets only covers less than 2 cycles of the AMO, model experiments can be used to substantiate the findings.
The spread of the frequencies of drought occurrence among four models is very large for experiments with the combined Pacific and Atlantic SSTAs. Examples are given in Fig.9 for PcAc and PcAw. The multi model ensembles are given in Fig. 5c for PwAc, Fig. 5d for PwAw, Fig. 5g for PcAw and Fig. 5h for PcAc. Together with composites from observations ( Fig.8) , we can sum up the findings as fellows: 2. All models and the ensemble mean show that there is a better chance for drought to occur over the Southwest, the Colorado River Basin and the Great Plains for PcAw.
For PwAc, more wetness is favored over the about same areas. The areas of largest uncertainties are located over the East Coast and the Southeast where the model and observations do not agree and the spreads among models are large. For example, the model ensemble mean for PcAw shows no signal over the Southeast, but the composite shows dryness over the Southeast (Fig. 8c ).
It is difficult to examine the circulation anomalies associated with such modulation based on observations. The NCEP-NCAR reanalysis starts from 1948 and the data set (Fig. 10c) . The largest responses to the Atlantic SSTAs are in the North Atlantic with negative (positive) anomalies over cold (warm) water (Figs. 10a and 10f ). For PnAc, there are positive height anomalies over the western United States and negative anomalies over the northeastern Canada. For PnAw, there is a three cell pattern of height anomalies with negative anomalies extending to the east coast of the United States (Fig. 10f) . For PcAw and PcAc, both the Atlantic SSTAs and the tropical Pacific SSTAs have impact on circulation and precipitation anomalies. For PcAc, the net influence is that positive anomalies extend more inland from the North Pacific into the western United States with positive anomalies over the East Coast (Fig. 10e) . Therefore, the PcAc has negative rainfall anomalies over the western United States and weak responses over the eastern part of the United States (Fig. 10d ). For PcAw, anomalies over the United States are similar to PcAn.
Therefore, rainfall pattern is also similar to the cold ENSO composite (Fig.2) . The influence of the AMO is to modify the circulation responses to ENSO over the United
States. That in turn modifies the P anomalies.
Conclusions
The influence of ENSO and the AMO on drought over the United States is examined using both composites from observations and the model experiments designed by the USCLIVAR drought working group. Different experiments were performed by forcing an AGCM with the combinations of the Atlantic (Fig. 1b) and ENSO ( Fig. 1a) SSTAs superimposed on the monthly mean climatological SSTs (Schubert et al. 2008 ).
Because drought implies persistent dryness, the 6-month SPI is adopted to represent drought. The P composites are very different from the SPI composite. It is needed to recognize the importance of persistence in the studies of drought. The models respond differently even though they have the same forcing. However, the multi-model ensemble compares favorably with observations. This confirms conclusions in many studies that multi model ensemble is more reliable than single model results even for long term simulations (Palmer et. al 2004 , Rowell 1988 ).
From both model simulations and observations, we conclude:
1. The impact of ENSO on drought over the United States is over the Southwest, the Great Plains and the lower Colorado River Basin with cold ENSO in favor of drought. Over the East Coast and the Southeast, the impact of ENSO is not large because the P responses to ENSO are seasonally dependent and opposite in sign for winter and summer. For these areas, a prolonged ENSO from winter to summer does not favor a persistent drought or wet spell.
2. The direct influence of the AMO on drought is small. There are suggestions that drought is more likely to occur over the Southwest but the anomalies are weak.
3. The major influence of the AMO is to modulate the impact of ENSO on drought.
The influence is large when the SSTAs in the tropical Pacific and in the North Atlantic are opposite in phase. The cold ENSO in a positive AMO phase (PcAw) favors drought over the Southwest, the Colorado River basin and the Great Plains.
The warm ENSO in a negative AMO phase (PwAc) has the opposite impact.
There are large uncertainties of the influence of the AMO and the ENSO over the 
